AMP deaminase (AMPD) is essential for plant life, but the underlying mechanisms responsible for lethality caused by genetic and herbicide-based limitations in catalytic activity are unknown. Deaminoformycin (DF) is a synthetic modified nucleoside that is taken up by plant cells and 5#-phosphorylated into a potent transition state-type inhibitor of AMPD. Systemic exposure of Arabidopsis (Arabidopsis thaliana) seedlings to DF results in dose-dependent (150-450 nM) and time-dependent decreases in plant growth that are accompanied by 2-to 5-fold increases in the intracellular concentrations of all adenine ribonucleotides. No measurable rescue is observed with either hypoxanthine or xanthine (250 mM), indicating that downstream effects of AMPD inhibition, such as limitations in adenine-to-guanine nucleotide conversion or ureide synthesis, do not play important roles in DF toxicity. However, adenine (250 mM) acts synergistically with a nontoxic dose of DF (150 nM) to produce growth inhibition and adenine nucleotide pool expansion comparable to that observed with a toxic concentration of the herbicide alone (300 nM). Conversely, adenine alone (60-250 mM) has no measurable effects on these parameters. These combined results support the hypothesis that AMPD is the primary intracellular target for this class of herbicides and strongly suggest that adenine nucleotide accumulation is a metabolic trigger for DF toxicity. AMP binds to 14-3-3 proteins and can interrupt client interactions that appear to drive their distributions. Trichome subcellular localization of the phi isoform is disrupted within 8 to 24 h after seedlings are semisubmersed in a solution of DF (100 nM), further suggesting that disrupted 14-3-3 protein function plays a role in the associated herbicidal activity.
EMBRYONIC FACTOR1 (FAC1) is one of the earliest expressed plant genes and is essential for the zygoteto-embryo transition in Arabidopsis (Arabidopsis thaliana; Xu et al., 2005) . The zygote-lethal phenotype is characterized by developmental arrest at the eight to 16 cell stage and mutant embryo shriveling 2 to 3 d after fertilization. The Arabidopsis FAC1 locus encodes an AMP deaminase (AMPD; EC 3.5.4.6), which is a eukaryotic enzyme that catalyzes the hydrolytic deamination of AMP to IMP. This reaction is the initial step in adenine-to-guanine ribonucleotide conversion and in the catabolism of AMP to hypoxanthine, which is then oxidized and linearized to form the recyclable ureides allantoin and allantoic acid. AMPD is also the intracellular target for a class of natural phytotoxins and related synthetic herbicides (Fig. 1) . Carbocyclic coformycin was initially discovered in Saccharothrix (Bush et al., 1993) , and plant cells can take up this diffusible nucleoside compound and 5#-phosphorylate it into a potent transition state-type inhibitor of AMPD (Dancer et al., 1997) . Exposure to carbocyclic coformycin results in cessation of seedling growth, followed by paling and necrosis at the apical meristem (Dancer et al., 1997) . Coformycin, a structurally related compound produced by a number of microbes (Nakamura et al., 1974; Isaac et al., 1991) , also has herbicidal properties (Isaac et al., 1991) . Although the intracellular metabolism of this compound in plants has not been examined, its mode of action is presumably similar because coformycin 5#-phosphate is a potent inhibitor of rabbit muscle AMPD (Frieden et al., 1980) . The recently solved x-ray crystal structure of FAC1 complexed with coformycin 5#-phosphate confirmed this mode of inhibition and also provided the first glimpse of a complete AMPD active site in plants (Han et al., 2006) . Coformycin and carbocyclic coformycin are also inhibitors of mammalian adenosine deaminase (Frieden et al., 1980; Dancer et al., 1997) , but the lack of this enzyme in plants ( Le Floc'h et al., 1982; Yabuki and Ashihara, 1991; Dancer et al., 1997) supports the argument that AMPD is the primary intracellular target once these compounds are converted to their respective nucleotide derivatives. The search for more stable and accessible structures led to the synthesis of deaminoformycin (DF), which also has good herbicidal properties and its corresponding 5#-monophosphate is also a strong inhibitor of plant AMPD (Lindell et al., 1999) . Taken together, these observations strongly suggest that AMPD is essential for plant life.
However, the underlying mechanisms responsible for lethality associated with dramatic reductions Figure 1 . Natural phytotoxins and synthetic herbicide precursors of AMPD inhibitors. These modified nucleoside compounds are taken up by plant cells and 5#-phosphorylated, presumably by a nucleoside kinase. The resulting monophosphate products are transition state-type inhibitors of AMPD. The nucleoside compounds themselves can directly inhibit adenosine deaminase, but the lack of this enzyme in plants supports the hypothesis that their primary intracellular target is AMPD. Figure 2 . Dose-response effects of DF on Arabidopsis seedling growth and adenine nucleotide pools. Five-day-old seedlings were transferred onto Murashige and Skoog salt (0.53) 1 1% Suc agar supplemented with increasing concentrations of DF (0-450 nM) and grown for 9 d under long-day conditions (16 h light/8 h dark). Dose-dependent decrease in seedling growth (top left) is associated with an increase in total adenine nucleotides (TAN; top right), which affects all phosphorylated species: ATP, bottom left; ADP, bottom middle; and AMP, bottom right. Data expressed as the mean 6 SD (n 5 6). *, P , 0.05 when compared to control in an unpaired two-tailed t test. All metabolites are expressed as nmol/g wet weight.
(genetic and herbicide induced) in plant AMPD catalytic activity remain to be elucidated. Toward this end, it is reasonable to consider the immediate consequences of an inability to deaminate AMP in a plant cell. Disruption of this reaction could impact on (1) the balance between adenine and guanine nucleotides by interfering with the interconversion pathway, (2) nitrogen metabolism by limiting the production of ureides, (3) hormonal imbalance by promoting substrate accumulation for purine-based cytokinin synthesis (Haberer and Kieber, 2002) , and (4) perturbed 14-3-3 protein regulation of key primary metabolic enzymes through the accumulation of AMP (Athwal et al., 1998; Camoni et al., 2001) . In considering these possibilities, it is notable that leaf tissue ATP is reportedly elevated within hours after topical application of carbocyclic coformycin to runoff (Dancer et al., 1997) or transpiration feeding of seedlings with DF (Lindell et al., 1999) . Consequently, a robust AMPD activity may be necessary to maintain homeostasis of the many processes, located both upstream and downstream in the ATP catabolic pathway, that are impacted by purine metabolism. This study begins to explore this issue by monitoring the effect of systemic DF exposure on Arabidopsis seedling growth and adenine nucleotide pools. In addition, normal purine base compounds are used in an attempt to rescue plants from the toxic effects of DF. Finally, the subcellular distribution of an Arabidopsis 14-3-3/green fluorescent protein (GFP) fusion protein is monitored following semisubmersion of transformed seedlings in a solution of DF. The results of these studies have provided insight regarding the relative importance of upstream and downstream consequences of a limitation in AMPD catalytic activity in a plant cell and the associated processes that interface with purine metabolism.
RESULTS

Dose-Response Effects of Systemic DF
Arabidopsis seedling growth and adenine nucleotide pools were monitored after 9 d of systemic Figure 3 . Time-course effects of DF on Arabidopsis seedling growth and adenine nucleotide pools. Five-day-old seedlings were transferred onto Murashige and Skoog salt (0.53) 1 1% Suc agar with and without 300 nM DF and grown for 1, 3, 5, and 7 d under long-day conditions. A, Seedling growth expressed as mg wet weight following root excision (mean 6 SD, n 5 6). y, P , 0.05 when compared to the corresponding control (Co) time point in an unpaired two-tailed t test. B, Adenine nucleotide pools in control (Co) and DF-treated seedling tissue. y, P , 0.05 when compared to the corresponding value in control seedlings at that time point in an unpaired two-tailed t test. All metabolites are expressed as nmol/g wet weight (mean 6 SD, n 5 6). Figure 2 , except that the agar medium was supplemented with 250 mM hypoxanthine alone (top), hypoxanthine and 300 nM DF (upper middle), 250 mM xanthine alone (lower middle), or xanthine and 300 nM DF (bottom). Seedling wet weights following root excision (mean 6 SD, n 5 4, except hypoxanthine alone [n 5 3]) are listed at the right. *, P , 0.05 when compared to the corresponding purine base alone condition in an unpaired two-tailed t test. Seedlings shown represent those closest to the average for the group.
exposure to increasing concentrations of DF (150-450 nM). Figure 2 shows a dose-dependent inverse relationship between these two parameters. Notably, all adenine nucleotides are elevated following systemic exposure to DF. The adenylate energy charge
could also be calculated from these data. Whereas a high AEC is typically associated with growing cells, this is clearly not the case with AMPD-directed inhibitors in plant cells as this value gradually increased with increasing concentrations of DF, i.e. untreated, 0.65 6 0.03; 150 nM DF, 0.68 6 0.03; 300 nM DF, 0.69 6 0.06; and 450 nM DF, 0.77 6 0.08* (*, P , 0.05 compared to untreated in an unpaired two-tailed t test). The increase in AEC reflects the more profound elevation in ATP (about 4-fold) relative to that for AMP (about 2-fold) with increasing concentrations of DF.
It was also possible to quantify GTP in extracts prepared from these 9-d-old seedlings. Whereas the levels of all other nucleotides were below the limits of detection, GTP concentrations were similar under all conditions, except at the highest dose of DF, i.e. untreated, 17 6 2; 150 nM DF, 15 6 6; 300 nM DF, 16 6 6; and 450 nM DF, 11 6 3* nmol/g wet weight (*, P , 0.05 compared to untreated in an unpaired two-tailed t test). However, this modest 35% reduction should be considered as tenuous because of the relative small size of seedlings exposed to 450 nM DF, which resulted in the level of GTP being at the limit of detection in these extracts. Figure 3 shows the time course of effects produced by systemic exposure to 300 nM DF. The total adenine nucleotide pool was expanded after only 1 d, due predominantly to a significant increase in ATP, whereas growth inhibition was not significant until after 3 d, at which time the concentrations of ADP and AMP were also significantly elevated.
Time-Course Effects of Systemic DF
Effect of Hypoxanthine and Xanthine on DF Toxicity
Hypoxanthine and xanthine (250 mM each) were added to the solid growth medium in an attempt to rescue seedlings from DF toxicity. Figure 4 shows that neither of these purine base compounds is able to reverse DF growth inhibition, and Figure 5 confirms that this is again accompanied by increased levels of adenine nucleotides.
Dose-Response Effects of Adenine
Adenine is directly incorporated into the adenine nucleotide pool (Doree, 1973; Le Floc'h et al., 1982) . This purine base was also added to the medium (60-250 mM), alone or in combination with 300 nM DF. Figure 6 shows that adenine alone has no effect on the growth of Arabidopsis seedlings, nor does it cause an expansion of adenine nucleotide pools. Conversely, when administered together, adenine and DF have a synergistic effect on the adenine nucleotide pool, which is further elevated relative to that observed with herbicide alone. However, it is difficult to determine from these data whether there is also a synergistic effect on growth due to the degree of inhibition exerted by 300 nM DF alone.
Synergistic Effect of Adenine on DF Toxicity
Based on the results shown in Figure 6 , the experiment was then repeated with adenine (250 mM), alone or in combination with a lower dose of DF (150 nM) to determine if there was a synergistic effect on seedling growth. Figures 7 and 8 show that neither supplement has any significant effect on growth or adenine nucleotide pools in Arabidopsis seedlings. Conversely, there is significant growth inhibition and adenine nucleotide pool expansion when both compounds are added to the medium at these concentrations.
Effect of DF on the Subcellular Localization of 14-3-3-Phi/GFP A transformed Arabidopsis line expressing the coding region of the phi isoform coupled to GFP was used to evaluate the effect of DF on the subcellular localization of this 14-3-3 protein in trichomes of 2-week-old seedlings following semisubmersion in a 100 nM solution of herbicide. Compared to the smooth cytoskeletal distribution of 14-3-3-phi/GFP under control conditions, Figure 9 shows a time-dependent stippled distribution of this fusion protein in trichomes of DFtreated seedlings.
K i Determination of DF 5#-Monophosphate Using a Purified Arabidopsis AMPD Recombinant Enzyme A 3.3 Å x-ray crystal structure of an Arabidopsis AMPD N-truncated (DI139M) recombinant enzyme complexed with coformycin 5#-phosphate (Han et al., 2006) has provided direct evidence that 5#-phosphorylated forms of these herbicides bind to the active site. The DI139M recombinant enzyme (K m [2ATP] 5 12 6 3 mM [Han et al., 2006] ) was assayed at a constant substrate concentration (2.4 mM AMP) in the presence of variable concentrations of DF 5#-phosphate (none, and 100 nM to 4.5 mM). Inhibitor plots ([V max /V o ] 21 versus inhibitor concentration) were generated using three independent enzyme preparations to reveal a K i of 601 6 340 nM (data not shown).
DISCUSSION
AMPD catalyzes a reaction that is located at a key position in plant purine nucleotide metabolism. This is underscored by the lethality (genetic or herbicide induced) that accompanies severe reductions in the catalytic activity of this enzyme. However, the mechanistic basis for this toxicity has been obscure. This issue has been addressed in this study by considering the Figure 6 . Dose response of adenine on seedling growth and adenine nucleotide pools in the presence and absence of DF. Protocol as described in the legend to Figure 2 , except that the agar medium was supplemented with increasing concentrations of adenine (bar 1, none; bar 2, 60 mM; bar 3, 125 mM; bar 4, 250 mM) alone or in combination with 300 nM DF. Seedling wet weights, top left; total adenine nucleotides (TAN), top right; ATP, bottom left; ADP, bottom middle; AMP, bottom right. Data are expressed as the mean 6 SD. *, P , 0.05 when compared to the corresponding no adenine condition in an unpaired two-tailed t test (note: no statistical comparisons using the 60 mM adenine, 300 nM DF and 125 mM adenine, 300 nM DF data were possible because there were only two seedlings in each of these groups).^, P , 0.05 when compared to the corresponding no adenine condition. y, P , 0.05 when compared to the no adenine, 300 nM DF condition in an unpaired two-tailed t test.
immediate metabolic consequences of AMPD inhibition in Arabidopsis seedlings following systemic exposure to DF, a synthetic herbicide that is taken up by plant cells and 5#-phosphorylated into a potent transition state-type inhibitor of AMPD (Lindell et al., 1999) . In addition, normal aglycone bases that interface with metabolic pathways at points either proximal or distal to the AMPD reaction were evaluated for their abilities to affect herbicide toxicity, which has provided insight regarding the relative importance of upstream and downstream consequences of enzyme inhibition.
Although herbicide-induced plant lethality is usually associated with a decrease in the intracellular concentration of ATP that reflects a generalized disruption of cellular energy metabolism (Raymond et al., 1987) , this is clearly not the case with AMPD inhibitors. Rather, the dose-dependent and time-dependent decreases in growth rates of Arabidopsis seedlings during systemic exposure to DF are accompanied by increases in the intracellular concentrations of adenine nucleotides. Previous studies with DF (Lindell et al., 1999) or the related phytotoxin, carbocyclic coformycin (Dancer et al., 1997) , monitored metabolite pools only during the first 24 h of exposure, and also observed higher levels of ATP but no measurable change in either ADP or AMP. The combined data indicate that AMPDinhibited plant cells initially attempt to compensate for a limitation in catalytic activity by maintaining the intracellular AEC, which is most effectively accomplished by increasing the level of ATP. However, the continued absence of functional AMPD enzyme over a longer time period ultimately causes ADP and AMP to accumulate. These metabolic effects are not surprising because adenine nucleotide accumulation would be an expected consequence of AMPD inhibition in a plant cell, which has no other avenue for AMP catabolism. Eukaryotes in the animal kingdom and all prokaryotes utilize multiple routes of AMP catabolism, whereas plants lack the additional deaminase enzymes that other organisms use to catalyze adenine-to-hypoxanthine ring conversions, i.e. adenosine deaminase (adenosine to inosine; Le Floc'h et al., 1982; Yabuki and Ashihara, 1991; Dancer et al., 1997) and adenase (adenine to hypoxanthine; Le Floc'h et al., 1982; Yabuki and Ashihara, 1991) . Consequently, plants must rely solely on AMPD to accomplish this obligate conversion in the catabolism of adenine nucleotides.
Additional experiments were conducted to determine if purine base supplements had any effect on DF toxicity. Hypoxanthine and xanthine were chosen because they impact on metabolic processes located downstream of the AMPD reaction. As shown in Figure  10 , one metabolic fate of hypoxanthine is phosphoribosylation to IMP, which can then be incorporated into the guanine nucleotide pool by the cytosolic branch of the purine de novo pathway. However, hypoxanthine does not rescue seedlings from DF toxicity, nor does the concentration of GTP diminish during growth inhibition in the presence of herbicide alone (300 nM). These combined observations demonstrate that a limitation in adenine-to-guanine nucleotide conversion is not a major factor in the herbicidal activity of DF.
An alternate metabolic fate for hypoxanthine is oxidation to xanthine, which is then further oxidized to uric acid, the immediate precursor for peroxisomal synthesis of the linear ureides allantoin and allantoic acid (see Fig. 10 ). Ureides are major transported forms of fixed nitrogen in tropical legumes, such as soybean (Glycine max) and cowpea (Vigna unguiculata; Schubert, 1986) . Moreover, a ureide nitrogen cycle probably operates in all plants because allantoin transporters have been identified in Arabidopsis (Desimone et al., 2002) and allantoin and allantoic acid represent 15% of total nitrogen in the sieve tube sap of several nonlegume species (Ziegler, 1975) . However, neither hypoxanthine nor xanthine rescues seedlings from DF toxicity, which demonstrates that a limitation in ureide synthesis is not a major factor in the herbicidal effects exerted by this class of modified nucleosides.
Adenine was chosen as a supplement because it can be phosphoribosylated and incorporated directly into the adenine nucleotide pool (Doree, 1973; Le Floc'h et al., 1982) upstream of the AMPD reaction (see Fig. 10 ). Studies conducted with this purine base strongly suggest that DF toxicity is triggered by adenine nucleotide accumulation, rather than some other heretofore unrecognized effect of this class of herbicides. In the presence of a DF concentration that does not produce any significant effect on Arabidopsis seedling growth or adenine nucleotide pools (150 nM), adenine (250 mM) exerts a synergistic effect on these parameters that is comparable to what is observed with a higher dose (300 nM) of herbicide alone. Conversely, adenine alone (60-250 mM) has no significant effects on Arabidopsis seedling growth or adenine nucleotide levels. These combined observations demonstrate that a functional AMPD enzyme effectively prevents the detrimental expansion of the adenine nucleotide pool in response to increased salvage synthesis of adenine. This functional significance can be attributed to a dramatic K m and V max ATP activation, as reported for the endogenous Catharanthus roseus (Yabuki and Ashihara, 1992) and recombinant Arabidopsis (Han et al., 2006) enzymes. This combined regulatory effect is not seen with orthologs in the animal kingdom, which suggests that plant AMPD may have evolved this property to compensate for the lack of an alternate AMP catabolic pathway. However, this putative adaptation is negated in an AMPD-inhibited plant cell, in which incorporation into the nucleotide pool becomes the primary metabolic end point of salvaged adenine.
A potential mechanistic possibility for DF toxicity that may be attributed to adenine nucleotide accumulation is altered function of 14-3-3 proteins, which in turn regulate many essential enzymes (Darling et al., 2005) . 14-3-3 proteins contain a binding site for AMP (Athwal et al., 1998) , and in vitro studies have shown that this purine nucleotide can disrupt their functional associations with key enzymes of primary metabolism (Athwal et al., 1998 (Athwal et al., , 2000 Camoni et al., 2001; Camparo et al., 2003) . In vivo studies with 5-aminoimidazole-4-carboxamide riboside (AICAR) support this latter hypothesis. AICAR is taken up and 5#-phosphorylated in cells to form AICAR-MP, and the intracellular accumulation of this AMP mimetic is associated with alterations in 14-3-3 protein distributions (Paul et al., 2005) and changes in target enzyme activities that are consistent with disrupted interactions (Huber and Kaiser, 1996; Man and Kaiser, 2001) . Therefore, the accumulation of AMP in response to DF may have a similar effect on 14-3-3 proteins. The premise for DF treatment in the fluorescence microscopy experiments presented in this study, and for AICAR treatment in a previous study (Paul et al., 2005) , is that if the subcellular distribution of a 14-3-3/GFP fusion is reliant on partner binding, then disruption of that partnering will also disrupt the subcellular distribution of the fusion protein. AICAR treatment of leaves disrupts the smooth cytoskeletal 14-3-3-phi/GFP localization within trichomes, resulting in distinctively globular regions of fluorescence within the cell. DF treatment also disrupts 14-3-3-phi/GFP localization within trichomes, but the altered fluorescence appears stippled rather than globular. While the reason for different patterns of disruption is unclear, the observation that DF treatment alters 14-3-3-phi/GFP localization indicates a disturbed function of this isoform in trichomes. It is tempting to speculate that the accumulation of AMP in DF-treated plant tissue is involved in this altered distribution. Finally, if adenine nucleotide accumulation is the metabolic trigger that results in lethality due to limitations in AMPD catalytic activity, then selective inhibitors would also possess the desirable herbicidal feature of being toxic only toward plants. All other organisms have the capacity to use alternative routes of AMP catabolism, which would minimize adenine nucleotide accumulation and the associated negative consequences of AMPD inhibition.
CONCLUSION
AMPD is essential for plant life and functions to maintain steady-state levels of adenine nucleotides. The accumulation of these metabolites in an AMPDinhibited plant cell acts as a trigger that results in growth inhibition and subsequent lethality. Downstream effects of this metabolic dysregulation may include disrupted 14-3-3 protein function.
MATERIALS AND METHODS
Plants
Wild-type Arabidopsis (Arabidopsis thaliana; ecotype Columbia) plants were used in all metabolic studies. For the fluorescent localization study, Arabidopsis (Wassilewskija) plants were transformed with a fusion protein composed of the coding region for the 14-3-3 phi isoform coupled to GFP (S65T) and driven by the cauliflower mosaic virus 35s promoter (Sehnke et al., 2002) .
Growth Conditions
For all metabolic studies, seeds collected from dried siliques of wild-type plants were surface sterilized, resuspended in sterile water, and imbibed at 4°C in the dark for 2 d. Imbibed seeds were placed on Murashige and Skoog salt (0.53) 1 1% Suc agar plates, which were then positioned vertically 12 to Figure 9 . Effects of DF on the subcellular distribution of constitutively expressed 14-3-3-phi/ GFP. The top row shows examples of trichomes from 2-week-old plants held semisubmerged in water for 8 h (A) or for 24 h (B-D). The bottom row shows trichomes from plants held similarly in a 100 nM solution of DF for 8 h (E) or for 24 h (F-H). Figure 10 . Metabolic pathways of purine base salvage and catabolism in a plant cell. Ade, Adenine; Hx, hypoxanthine; Xn, xanthine; Ino, inosine; Xao, xanthosine; GXPs, guanine nucleotides. It should be noted that there is also a potential for futile cycling between AMP and adenosine (combined activities of 5#-nucleotidase and adenosine kinase), or between AMP (through adenosine) and adenine (combined activities of 5#-nucleotidase, adenosine nucleosidase, and adenine phosphoribosyltransferase).
